HIV-1 RNA genomes interact with diverse RNA binding proteins in the cytoplasm 18 including antiviral factor APOBEC3G (A3G) that, in the absence of viral Vif proteins, is 19 packaged into virions. When and where genome-A3G interactions are initiated in the host 20 cell is unknown. Here we use quantitative long-term (>24 h) live cell fluorescence video 21 microscopy and a new in-cell RNA-protein interaction assay (the "IC-IP") to describe 22 subcellular viral and A3G trafficking behaviors over the entire HIV-1 productive phase. 23
INTRODUCTION 30
The human immunodeficiency virus type 1 (HIV-1) hijacks a diverse set of host 31 cellular RNA binding proteins (RBPs) to carry out viral RNA transcription, nuclear export, 32 translation, and trafficking1-4. Select host RBPs are packaged into virions and exhibit 33 antiviral properties, with the best-characterized example being members of the 34 Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3 (APOBEC3) family. 35
A subset of APOBEC3 proteins (A3F, A3G, and A3H) are packaged into virions to abolish 36 infectivity by deaminating cytidines on the nascent minus-sense DNA strand of the viral 37 genome, thereby generating G-to-A mutations in the DNA provirus5-8. During productive 38 infection, however, APOBEC3 proteins are counteracted by viral infectivity factor (Vif) 39 proteins that facilitate their proteasome-mediated degradation prior to the onset of virus 40 particle production9-11. 41
How A3G proteins is delivered to virions in the absence of Vif remains a poorly 42 understood aspect of the cell-intrinsic host defense. HIV-1 virion assembly is driven by 43 viral Gag capsid proteins multimerizing on an RNA scaffold consisting of host-derived 44 RNA molecules and two dimerized viral RNA genomes, with Gag-RNA binding mediated 45 by Gag's C-terminal Nucleocapsid (NC) domain [reviewed in 12]. In the absence of viral 46 genomes, Gag expression is sufficient to drive formation of non-infectious particles 47 containing cellular RNAs, packaged in proportion to their relative abundance in the 48 cell13,14. A3G's incorporation into virions has been shown, for most cell types, to be both 49
RESULTS 86
Tracking HIV-1 replication using a YFP-A3G biosensor cell line. To study real-time 87 RBP responses to HIV-1 in single cells over an entire round of viral replication, we 88 generated "biosensor" HeLa cell lines stably expressing fluorescent protein-tagged 89 versions of A3G (YFP-A3G) (Fig 1a) or relevant cytoplasmic RBPs including TIA1-YFP 90 (a marker of SGs) ( Fig. 2a ) and CFP-DCP1A (a marker of PBs) ( Fig. 2e )24,29. Cells were 91 infected with either of two versions of an HIV-1NL4-3 reporter virus modified to express 92 cyan fluorescent protein (CFP) from the nef locus (as a marker of early viral gene 93 expression); either; (1) Vif-competent (Vif+) virus; or (2) a virus rendered Vif-minus (Vifxx) 94 due to insertion of two stop codons in the vif reading frame (see cartoon depiction in Fig  95   1b ). In the absence of virus, YFP-A3G was localized to the cytoplasm and accumulated 96 in bright foci consistent with PBs, as anticipated ( Fig. 1a, left panel) . Induction of oxidative 97 stress using 250 µM sodium arsenite (Ars)30 caused YFP-A3G to accumulate in SGs, 98 confirming an intact stress response ( Fig. 1a, right panel) . We also confirmed that our 99 YFP-A3G fusion protein was packaged into Vifxx virus particles and retained antiviral 100 activity using single-round assembly and infectivity assays ( Fig. 1c ). 101
In our first set of live cell imaging experiments, we infected Hela.YFP-A3G cells with 102 Vif+ virus at a MOI of <1 in order to visualize both infected and uninfected cells side-by-103 side in the same field. Viral gene expression (based on detection of CFP) was initiated 104 12-16 hours post-infection (hpi), followed by a gradual loss of YFP-A3G signal consistent 105 with Vif-dependent YFP-A3G proteasomal degradation (decay rate of 24.5% / h +/-6.0%; 106 n=33; Fig. 1d , Video 1, and quantification in Fig. 1e ). We observed YFP-A3G to be 107 depleted from both the diffuse cytosolic and PB pools simultaneously, with levels 108 stabilized at near-background with little to no recovery, even at the latest time points 109 ( Fig.1d shows a 48h time point, with Fig.1e showing kinetics over the entire 48h time 110 course). We also observed cell rounding at the latest time points ( Fig. 1d and Video 1, 111 see 48 h time point) consistent with real-time visualization of Vif-induced cell cycle 112 arrest31. Taken together, these movies validated our use of YFP-A3G as a proxy sensor 113 for detecting HIV-1 infection and tracking multivariate single-cell responses to Vif. Further, 114 they exposed Vif-A3G kinetic details including: (1) that Vif's capacity to degrade A3G is 115 potent in every single infected cell; (2) that Vif operates ubiquitously throughout the 116 cytoplasm; and (3) that Vif's effects are remarkably persistent on a per cell basis, i.e., the 117 YFP-A3G biosensor demonstrated no discernible fluctuations to single-cell Vif activity 118 post-YFP-A3G degradation, even over time frames of greater than 24 h. 119 120
HIV-1 infection in the absence of Vif re-localizes YFP-A3G to virion assembly sites 121
at the plasma membrane. We next visualized YFP-A3G responses after HeLa.YFP-A3G 122 infection with Vif-deleted (Vifxx) virus. As expected, YFP-A3G expression was maintained 123 in the cytoplasm and at PBs throughout the entire course of infection, and cell cycle arrest 124 was not observed ( Fig. 1f and Video 2). Strikingly, however, in infected cells we observed 125 YFP-A3G coalescing in large (up to 4 µm diameter) clusters at 30-48 hpi ( Fig. 1f , white 126 arrows highlight growing clusters). These clusters were unlikely to be PBs or SGs based 127 on their proximity to the cell surface and real-time observations of cluster release and 128 transfer to neighboring cells ( Fig. 1f , 32h time point, and tracked in Video 2). Instead, we 129 hypothesized that clusters represented recruitment of YFP-A3G from the cytoplasm to 130 sites of virus particle assembly at the plasma membrane. Consistent with this hypothesis, 131 YFP-A3G clusters stained positive for both HIV-1 Gag/Gag-Pol and viral genome but not 132 YFP-A3G mRNA (as a negative control) detected using a 4-color combined anti-p24Gag 133 immunofluorescence (IF) and RNA fluorescence in situ hybridization (FISH) protocol ( Fig.  134 1g). Thin section electron microscopy also confirmed clustering of virus particles at the 135 surface of HeLa.YFP-A3G cells at 48 hpi for both the Vif+ and Vifxx conditions ( Fig. 1h) . 136
Based on these results, we concluded that even in the absence of Vif, YFP-A3G serves 137 as a useful proxy biosensor for detecting HIV-1 virus particle assembly through monitoring 138 YFP-A3G's virus-driven translocation from the cytoplasm to the plasma membrane. 139
140

HIV-1 replication has little to no effect on PB integrity or SG formation. Because 141
HIV-1 drastically alters YFP-A3G subcellular trafficking behaviors in both the presence 142 and absence of Vif expression, we thought it important to ascertain if HIV-1 impacted the 143 net integrity of A3G's major cytoplasmic sites of accumulation, i.e., SGs and PBs. To 144 address this question, we monitored Vif+ and Vifxx HIV-1 infection of two biosensor cell 145 lines engineered to stably express either YFP-TIA1 ( Fig. 2a-2c ) or CFP-DCP1a ( Fig. 2e) ; 146 validated markers of PBs and SGs, respectively [reviewed in 29]. We first confirmed that 147 our YFP-TIA1 "stress" biosensor responded to stress similar to YFP-A3G (see Expression of genomes in the absence of Gag using a "genome only" Vifxx MS2-208 RFP genome, wherein we mutated the gag start codon to abolish Gag synthesis (see Fig.  209 3g), yielded markedly slower rates of YFP-A3G recovery (t1/2 = 70.8 s +/-27.6 s; n=6) 210 relative to both the "YFP-A3G Alone" condition, and a "Gag Only" condition wherein we 211 expressed Gag-mCherry from an mRNA modified to lack 5' and 3' viral regulatory RNA 212 sequences and codon-optimized to further reduce potential contributions of viral cis-213 acting RNA elements located in the gag ORF (COGag-mCh; t1/2 = 30 s +/-8.9 s; n=7) 214 ( Fig. 3i ). Taken together, because the expression of genomes but not Gag altered YFP-215 A3G movements in the cytoplasm based on FRAP analysis, genome-YFP-A3G 216 interactions are likely initiated in the cytoplasm independently of virus particle assembly; 217 and potentially even prior to the onset of Gag synthesis. 218 219 Genome-A3G interactions are selective, Gag-independent, and initiated prior to the 220 onset of virus particle assembly. Because FRAP was unable to distinguish between 221 direct or indirect genome-A3G interactions, we next developed a single cell assay to allow us to measure the strength and specificity of RNA-RBP interactions in the cytoplasm head 223 on; dubbed the In-Cell RNA-Protein Interaction Protocol (IC-IP) (depicted in Fig. 4a ). The 224 IC-IP was based on the principle of immobilizing genomes at unnatural sites in the 225 cytoplasm (e.g., membranes or the actin cytoskeleton) using an MS2-based tethering 226 strategy that we have described previously38. Should an RBP such as YFP-A3G be 227 strongly associated with the tethered genome, its localization will be also shifted with clear 228 evidence of RNA-RBP co-localization at the unnatural site of tethering. 229
For genome-A3G IC-IPs, MSL-bearing genomes served as bait for YFP-A3G, as 230 depicted in Fig. 4a . Genome retargeting was achieved by co-expressing "targeter" MS2 231 coat proteins that were modified to tether MSL-tagged genomes to either membranes 232 (using Src-MS2; bearing a 10 amino-acid membrane targeting signal) or the actin 233 cytoskeleton (using Lifeact-MS2; bearing a 17 amino acid F-actin targeting signal) ( Fig.  234 4b). The Src-MS2 and Lifeact-MS2 targeters were fused to iRFP670 so that we could co-235 visualize both the targeter and the genome (labelled with the self-tagging MS2-RFP 236 "tracker" protein, see cartoon depiction in Fig. 4c ) without experiencing spectral overlap 237 (see Fig. 4d ). 238
Co-expression of two-color Vifxx Gag-CFP/MS2-RFP genomes with the Src-MS2-239 iRFP or Lifeact-MS2-iRFP targeters caused moderate re-localization of Gag-CFP 240 proteins from the cytosolic pool to intracellular vesicles ( Fig. 4d , compare panels iv. and 241 ix.) or F-actin filaments (Fig. 4d , compare panels iv. to xiv.), respectively; consistent with 242 a subset of Gag proteins co-trafficking with its genome substrate in the cytosol (as we 243 have previously shown38). Remarkably, however, re-localization of YFP-A3G was more 244 striking, with >50% of the net YFP-A3G per cell fluorescent signal now associated with 245 intracellular vesicles or F-actin filaments (Fig. 4d , compare panels ii., viii., and xiii., and 246 see YFP-A3G regions-of-interest; ROI; with quantification in 4e and 4f). Consistent with 247 our results from FRAP analyses (Figs. 3g and 3h), a "genome only" bait was sufficient to 248 recruit >50% of YFP-A3G to intracellular vesicles as directed by Src-MS2, suggesting that 249
Gag plays no role in genome-A3G cytosolic interactions ( Figs. 5a and 5b) . By contrast, a 250 control MSL-bearing mRNA encoding codon-optimized Gag-CFP ("Gag Only") had no 251 effect on YFP-A3G cytoplasmic distribution ( Figs. 5c and 5d ). Collectively, these results 252 indicated that HIV-1 genome-A3G interactions in the cytoplasm are strong, specific, and 253 occur in the presence or absence of Gag. 254
A particularly useful feature of the IC-IP is that it could be coupled to video 255 microscopy in order to determine the timing of YFP-A3G-genome interactions timed to 256 the onset of viral gene expression. Live cell imaging of cells co-expressing Src-MS2-257 iRFP670 with a "Genome Only" RNA bait demonstrated that YFP-A3G was relocalized to 258 vesicles within two hours of first detecting genome expression in the cytoplasm (Fig. 5e , 259 compare 1h and 2h time points, and see Video 6 for additional detail). Accordingly, this 260 experiment indicated that strong genome-A3G interactions are initiated concomitantly 261 with or very soon after genome nuclear export. 262 263 Tethering A3G to membranes arrests HIV-1 genome trafficking and reduces virus 264 particle production. We reasoned that if A3G's interactions with genomes were 265 sufficiently strong, then tethering A3G to membranes would, as a corollary, arrest HIV-1 266 genome mobility in the cytosol and abolish genome trafficking to sites of virus particle 267 assembly. To test this idea, we engineered a "reciprocal" IC-IP experiment (Fig. 6a) wherein YFP-A3G was modified so that it would bind membranes due to its bearing the 269 same N-terminal Src-derived myristoylation signal we used for our Src-MS2 genome 270 retargeting constructs (Figs. 2b-2e ). This fusion protein (Src-YFP-A3G) was co-271 expressed with two-color (Gag-CFP/MS2-RFP) Vifxx (Fig. 6b) or a CFP-tagged variant 272 (Src-CFP-A3G) co-expressed with one-color (MS2-RFP) "Genome Only" Vifxx genomes 273 ( Fig. 6c ). As would be anticipated for a strong interaction, Src-FP-A3G expression 274 induced the marked clustering of MS2-RFP-tagged genomes to perinuclear vesicles, with 275 genomes co-localizing with Src-FP-A3G ( Figs. 6b and 6c) . To address the more relevant 276 scenario of infected cells, we also generated a cell line constitutively expressing Src-YFP-277 A3G (HeLa.Src-YFP-A3G cells) and infected these cells with a Vifxx reporter virus ( Fig.  278   6d ). As expected, we observed genomes (and, to a lesser extent, Gag) co-clustering with 279
Src-YFP-A3G at cytoplasmic vesicles at 24 hpi, detected using combined IF/FISH ( Fig.  280 6d, bottom, white arrows). 281
We hypothesized that arrest of genome subcellular trafficking due to Src-YFP-A3G 282 expression would reduce Gag synthesis and net virus particle production. Consistent with 283 this hypothesis, co-expression of Src-YFP-A3G or a Src-MS2 control with MSL-tagged 2-284 color genome (Gag-BFP in this experiment) yielded a dose-dependent reduction to 285 cytosolic Gag level and net efficiency of virus particle release (Fig. 6e ). Taken together, 286 these experiments indicated that A3G-genome interactions in the cytosol are sufficiently 287 strong that tethering A3G to membranes can effectively repurpose this protein as an 288 inhibitor of genome trafficking and net virion production. 289
290
The presence of genomes promotes more consistent per virion delivery of A3G to 291 sites of virus particle assembly. Combined, the above experiments suggested that 292 A3G has evolved to preferentially recognize one or more HIV-1 genome RNA signatures. 293
However, A3G is encapsidated by Gag into virus particles even in the absence of 294 packageable genomes17-19. In an effort to better rationalize prior observations of A3G 295 genome specificity vs. promiscuity, we performed a comparative single virion analysis 296 (SVA) of A3G delivery into virus particles; based on a technique originally pioneered by 297 the Hu and Pathak groups wherein fluorescently-labeled virus-like particles (VLPs) are 298 harvested from HEK293T cells (that produce a greater quantity of particles relative to 299 HeLa) and subjected to sub-micron quantitative multicolor fluorescence imaging to 300 measure relative levels of per particle genome and/or A3G incorporation39,40 (Fig. 7) . For 301 our analysis, we compared per particle levels of YFP-A3G encapsidation for four 302 independent Gag/genome scenarios (depicted in Fig. 7a) ; "Gag-Only" mRNAs encoding 303 codon-optimized Gag-CFP (COGag-CFP = "Gag-Only"), viral Vif+ or Vifxx 2-color HIV 304
Gag-CFP/MS2-RFP genomes, or mRNAs encoding codon-optimized Gag-CFP wherein 305 the NC RNA-binding domain was replaced by a leucine zipper (∆NCzip) to abolish Gag-306 RNA binding (based on 41). As expected, YFP-A3G packaging was only observed for 307
COGag and the Vifxx HIV-1 conditions (Fig. 7b) . 308
Using SVA, Vif+ and Vifxx viruses exhibited high efficiency MS2-RFP incorporation 309 (~89 and ~88% of Gag-CFP particles scoring positive for MS2-RFP, respectively), very 310 consistent with a prior report of HIV-1 genome packaging efficiency39. Vifxx Gag-311 CFP/MS2-RFP particles exhibited a similar frequency of YFP-A3G incorporation (86% of 312 total Gag-CFP particles) ( Fig. 7c and quantification in 7d) . However, for "Gag-Only" 313 (COGag-CFP) particles, the frequency of detectable YFP-A3G incorporation was lower 314 (57% efficiency), intermediate to Vifxx HIV-1 vs. the ∆NCzip "no-RNA" negative control 315 ( Fig. 7c and quantification in 7d ). COGag particles also exhibited reduced per virion levels 316 of YFP-A3G fluorescence when compared to full-length, Vifxx HIV ( Fig. 7c and  317 quantification in 7e). In sum, these data indicated that, although genomes are not 318 essential for YFP-A3G delivery to virus particles, selective genome-A3G interactions 319 promote a more consistent and more enriched per virion delivery of A3G to virus particle 320 assembly sites. 321
DISCUSSION 322
Herein we studied the HIV-1 life cycle from the host cell perspective, combining 323 several complementary live cell imaging approaches with functional assays to 324 characterize the coordinated behaviors A3G, PB or SG proteins, and viral elements (Gag 325 and genome) over an entire round of viral replication (summarized in Fig. S1 ). 326
Our YFP-A3G biosensor allowed for indirect measurements of HIV-1 replication 327 kinetics in single cells and exposed A3G behaviors including; (1) that Vif-mediated A3G 328 degradation occurs from all subcellular pools simultaneously ( Fig. 1d and Movie 1); (2) 329 that A3G suppression by Vif is remarkably stable and maintained over the entire late 330 phase of infection (lasting hours to days, see Figs. 1d, Movie 1, and 1e); and (3) that A3G 331 degradation is completed prior to the onset of virus particle assembly (very consistent 332 with prior report from Holmes et al.,36 but shown here to be after genome nuclear export) 333 ( Fig. 3b ). In the absence of Vif, we could also monitor virus particle assembly, observing 334 large quantities of YFP-A3G being re-localized from the cytoplasm to the plasma 335 membrane during this process ( Fig. 1f and Video 2). Taken together, on a technical level 336 there should be great utility in the general strategy of tracking RBP biosensors to detect 337 virus replication dynamics and study host cell responses (e.g., see also RVA16-induced 338 stress in Fig. 2b) . Moreover, now validated, HeLa.YFP-A3G cells should serve as useful 339 multivariate reporter system for further dissection of the viral and host machineries 340 governing A3G degradation and packaging. 341
Despite HIV-1's marked effects on YFP-A3G behaviors, we observed little to no 342 discernible effects of HIV-1 on SGs or PBs monitored using our YFP-TIA1 or CFP-DCP1A 343 biosensors, with or without Vif expression (Fig. 2) . These movies reinforce that modulation of PB number or architecture or SG induction is unlikely to be an intrinsic 345 feature of the HIV-1 life cycle27,28. Overall, the underlying significance of A3G's localization 346 to PBs and SGs remains is unknown; but predicted to spatially coupled A3G to RNP 347 complexes with active roles in viral mRNA surveillance (i.e., PBs are sites miRNA-348 dependent mRNA decay and SGs can suppress viral translation)23,24,26. In this context, 349
we speculate that all successful retroviruses and endogenous elements must adapt to 
SGs. 363
At a more molecular level, our imaging assays also suggest that A3G is able to 364 selectively compete for genome binding in the cytosol. First, HIV-1 genomes but not Gag 365 rapidly accumulated at YFP-A3G-enriched SGs in infected cells after Ars treatment (Fig  366   2i ). Second, based on FRAP analysis, the presence of genomes, but not Gag, reduces 367 A3G mobility in the cytoplasm (Fig. 3g and 3h) . Third, and most convincingly, our IC-IP 368 experiments demonstrated that >50% of the cytosolic YFP-A3G is recruited to 369 membranes or F-actin by Src-or Lifeact-MS2-tethered genomes, respectively, (Fig. 4f) ; 370 effects that were far less evident for Gag-CFP; not observed in the absence of genomes 371 (Fig. 5d) ; and detected soon if not immediately after genome nuclear export (Fig. 5e ). As 372 to why A3G competes for genome binding, single virion analyses (Fig. 7) revealed an 373 ~90% frequency of A3G incorporation into genome-containing virions relative to "Gag-374 only" particles wherein the frequency of A3G incorporation was less than 60%. This result 375 suggests to us that, although A3G-RNA binding is, overall, relatively promiscuous19, it has 376 evolved to preferentially target genomes in a way that ensures consistent and efficient 377 delivery to virions, largely consistent with a model recently proposed by Bieniasz and 378 colleagues wherein Gag and A3G are adapted to compete for similar RNA sequences20. 379
In this way, A3G maximizes its antiviral potential and thus necessitated evolution of the 380 Vif antagonist. Endeavors to further delineate the relevant protein constituents of A3G-381 genome "surveillance" complexes, and to determine whether or not A3G exhibits 382 differential detection of genomes destined for packaging vs. translation (as gag-pol 383 mRNAs), are ongoing. 384
To summarize, our studies reinforce that the core, essential nature of genome 385 trafficking in the cytosol is diffusion in dynamic association with RNP complexes, with 386 some proteins (e.g., A3G) more strongly associated with genomes than others. While we 387 have yet to define the RNA signature(s) that specify genome detection by A3G, our 388 observations may be informative in the context of recent CLIP-seq studies demonstrating 389 A3G's RNA-binding preference to be relatively sequence non-specific19,20 coupled to compelling recent work showing that HIV-1 genomes are selectively enriched in selective 391 post-transcriptional regulatory marks including N6 methyladenosine (m6a)48-50, 5-392 methylcytosine (m5c), and 2'O-methylation51. Artificially tethering A3G to membranes 393 restricts HIV-1 genome trafficking and virus particle assembly (Fig. 6 ). Based on these 394 effects, we predict it will be feasible to design inhibitory molecules or biologicals capable 395 of achieving similar strong, selective inhibition of HIV-1 RNA trafficking, translation, and 396 genome packaging in the context of antiviral strategies. 397
Facility for assistance with EM sample preparation. We are grateful to Michael Malim 400 All images were processed and analyzed using FIJI/ImageJ2. 515
For fixed-cell experiments using FISH, cells were plated as described as above 516 and previously38. At 42 hours post-infection or after 24 hours plated (for uninfected cells), 517 cells were washed, fixed in 4% formaldehyde, and permeabilized in 70% ethanol for at 518 least 4 hours at 4ºC. Custom Stellaris FISH probes were designed to recognize NL4-3 519 HIV-1 gag-pol reading frame nucleotides 386-4456 using the Stellaris RNA FISH Probe 520 Designer 4.1 (Biosearch Technologies, Inc.) available online. To detect yfp mRNAs, we 521 used a DesignReady Probe set specific to eGFP. Both probe sets were labeled with CAL 522
Fluor Red 590 Dye (Biosearch Technologies, Inc.). Samples were hybridized with the 523 gag/gag-pol probe set according to the manufacturer's instructions available online. 524
Simultaneous immunofluorescence to detect Gag used a mouse monoclonal antibody 525 specific to p24 (#24-2, a gift from Dr. Michael Malim). Imaging experiments were 526 performed as describe above on a Nikon Ti-Eclipse inverted wide-field microscope using 527 a 100x Plan Apo objective lens. 528 FRAP experiments were performed using a Nikon Ti-Eclipse inverted A1R+ 529 resonant/galvano hybrid confocal line-scanning microscope. Images were captured using 530 a 20x Plan Apo objective lens (NA, 0.75) and a GaAsP multi-detector for 488 and 560nm 531 channels. YFP-A3G was imaged using the 488nm laser at a low arbitrary intensity and 532 photobleached using the laser's maximum intensity. MS2-RFP and COGag-mCherry 533 were imaged using the 560nm laser at a low arbitrary intensity. Cells were maintained in 534 an environmental chamber (Pathology Devices, Inc.) at 37ºC, 5% CO2, and 50% humidity. 535
Cells were imaged every 30 seconds for 4 frames prior to photobleaching (3 rapid 536 ablations of cytoplasmic ROIs 10µm in diameter) followed by imaging every 5 seconds 537 for a minute, 15 seconds for four minutes, and 30 seconds for 5 minutes. This time frame 538 was sufficient for fluorescence recovery to reach a plateau. FRAP analysis was performed using the FIJI plugin FRAP Profiler61 that adjusts for incidental field photobleaching 540 outside the ROI. 541
Single virion analyses (SVA) were performed as previously described39. Virus 542 particles were produced as described above for western blotting in HEK293T.YFP-A3G 543 cells to maintain consistent levels of YFP-A3G. Filtered culture supernatants (750µL) 544
were purified by sucrose centrifugation as described above and resuspended in 100µL 545 1x PBS (Sigma-Aldrich). 24-well plates were pre-coated with 2% FBS diluted in 1x PBS 546 for at least 30 minutes, this solution was removed, and the resuspended concentrated 547 virus particles were added to wells. Images were acquired on a Nikon Ti-Eclipse inverted 548 wide-field microscope using a 100x Plan Apo objective lens (NA, 1.45). These images 549 were processed and analyzed using Analyze Particles plugin in FIJI/ImageJ262. 550 551 Thin-section electron microscopy. HeLa.YFP-A3G were infected with Vif+ CFP or 552
Vifxx CFP HIV-1 viruses and fixed at 48 hours for chemical processing as previously 553 described63. Samples were sectioned into 100nm slices and with sections collected on 554 copper thin-bar grids. Sections were observed with a Phillips CM120 transmission 555 electron microscope, and images were collected with a MegaView III (Olympus-SIS, 556
Lakewood, CO, USA) side-mounted digital camera. All images were processed and 557 analyzed using FIJI/ImageJ262. 558 559 Statistics. For assembly assays ( Figs. 1b and 6e) , results were obtained from three 560 biological replicates as defined as cells plated in six well plates transfected and processed 561 on separate days. Graphs plot the mean value with error bars representing the standard 562 deviation of the mean with the exception of Fig. 7e , a violin plot showing all data points 563 with the mean (solid line) and quartiles (dashed lines) indicated. All statistical 564 comparisons were carried out using the two-tailed Student's t test and performed using 565
Microsoft Excel or Graphpad Prism. 566
